Quinones are a family of bioactive compounds with known antibacterial, antiviral and antiparasitic activity. The capacity of quinoid compounds to accept electrons, due to electron-attracting (or donating) substituents at the quinone moiety, modulates their redox activity upon interaction with biological systems. Nine quinone derivate including three 2 -hydroxyl -1, 4 -naphthoquinone; three 4,5-and three 4,9 -naphthoquinone scaffolds, were synthesized and evaluated against 3D7 and Dd2 Plasmodium falciparum strains and evaluated the oxidative stress. Cell viability was determined MTTrelated colorimetric assay (EZ4u; Biomedical, Austria). Selectivity of these compounds was evaluated by comparing in vitro, of cytotoxicity in human fibroblast and antimalarial activity in Plasmodium falciparum. Peripheral blood mononuclear cells and hemoglobin release from human erythrocytes were evaluated too. Antiplasmodial activity was evaluated by fluorometry methods. In addition, oxidized membrane protein in the malaria parasite was evaluated in vitro by derivatizatión, after treatment at IC 50 values on P. falciparum Dd2 strain. Quinones showed IC 50 values in the micromole range, selectivity indexes for quinones was variable, compounds 2 and 3 showed excellent selectivity. In vitro antiplasmodial activity was showed; this result is an incentive to continue synthesis and studying the quinoid compounds.
INTRODUCTION
Around one-half of the world population lives in regions with a high risk of malaria which leads to about 250 million cases of malaria each year (Crowther et al., 2011) . The malaria parasite infects millions of people and causes more than one million deaths annually, predominantly in sub-Saharan Africa and Asia.
Plasmodium falciparum is mainly responsible for deaths from malaria caused mostly by drug-resistant strains (Agbor-Enoh et al., 2009) . Knowledge on the mechanism of action of the antimalarial drugs and its potential parasite targets, are fundamental on designing new drugs (Olliaro 2001) . Quinones are a variety of bioactive compounds which have shown antibacterial, antiviral and antiparasitic activity (Kanokmedhakul et al., 2005) . Current antimalarial therapy uses atovaquone compound having in its structure quinoid system, which is present also in anti-cancer drugs, antibacterial, (El Hage et al., 2009 ). Oxidative stress is responsible for physicochemical changes on erythrocyte membrane during plasmodium infection (Das and Nanda, 1999) , and is related to pathology and parasite clearance from circulation (Legorreta-Herrera et al., 2010) . The malaria parasite is vulnerable to oxidative stress, during intraerythrocytic stages (Becker et al., 2004) . Disease conditions as sickles cells, thalassemia and glucose-6-phosphate dehydrogenase deficiency; characterized by a spectrum of abnormalities in the membrane as poor deformability and disturbance in the homeostatic equilibrium (Advani et al., 1992) . Altered redox state oxidized thiols, alteration in membranes lipids, presence hemicromos and clusters of band 3. These alterations induce a protective effect against malaria (Akide-Ndunge et al., 2009) . In this work, we propose that oxidation of parasite proteins and the erythrocyte membrane provided as mechanism, contributes to an antimalarial effect.
METHODOLOGY

Chemical part
All the reactions were monitored by Thin Layer Chromatography (TLC). Solvents and reagents were obtained from MERCK. Melting points of synthetic compounds were determined on a Fischer-Johns apparatus and are uncorrected. H 1 , C 13 Nuclear Magnetic Resonance spectrums were obtained with BRUKER equipment of 400 MHz using deuterated chloroform CDCl3 as a solvent and tetramethylsilane (TMS) as an internal reference standard. The mass spectrums were taken in Agilent GC-MS: HP 6990 Capillary GC and HP 5973 Mass Selective Detector (MSD). The Infra-red (IR) spectrums were analyzed in a MADZU FT-IR 1700 spectrometer. Compounds were purified by crystallization in ethanol/water, and for linear furanonaphthoquinones were necessary to use preparative TLC to obtain pure crystals.
Synthesis
The synthesis of 4, 5 and 4, 9-furanonaphthoquinone was carried out in two steps using the synthetic pathways previously reported by Hooker (Hooker, 1936) , and Dudley and Miller (Dudley and Miller, 1967) . The first step consisted on nucleophilic addition using 2-hydroxyl-1,4-naphthoquinone and an aldehyde (propionaldehyde, butanaldehyde, or hexanaldehyde) dissolved in acetic acid at 60°C, which produced an intermediary compound (2 -hydroxyl -3 -alkenyl -1, 4 -naphthoquinone) specific for each aldehyde used. The second step was the oxidative cyclization of the intermediary compound obtained in the previous step. In this case, the intermediary was mixed into a solution of mercuric acetate in acetic acid, keeping a molar ratio 1:2 between the intermediary and mercuric acetate. The mixture was heated to 65°C and immediately cooled at room temperature. After solvent evaporation and subsequent extraction with ethyl ether, the solute was dissolved in ethanol and treated with hydrochloric acid at 65°C. When a diluted hydrochloric acid was used and heated for 15 min red crystals of 2 -alkyl -4, 5 -furanonaphthoquinones were yielded (Miguel del Corral et al., 2006) . Figure 1 illustrates the general scheme of the synthesis (Spectroscopic data in supplementary material).
Biological assays
Stock solutions of quinoid compounds were prepared in dimethyl sulfoxide (DMSO) and used to prepare serial dilutions in culture medium and phosphate buffered saline, depending on the test to be performed, according to the methodology described below.
Cytotoxic evaluation of Quinone derivatives
The cytotoxic effect of 4, 5 and 4, 9-furanonaphthoquinone derivate (Table 2) were tested on the IBR 3G fibroblast cell line and measured using tetrazolium salts EZ4U kit (Biomedica-Austria) (Perabo et al., 2006) was used to determine cell growth and viability, according to the manufacturer's instructions. In order to determine IC50 (concentration that kills 50% of cells), the cells were treated with quinoid compounds in serial dilutions (0.01 to 100 µM) with culture medium RPMI 1640. The viability of cells was analyzed after 24 h of treatment; the percentage of cell viability for each compound was calculated using the following equation:
(A490-A620) sample % viability = × 100 (A490 -A620) control
Cell viability of peripheral blood mononuclear cells
Cell viability of peripheral blood mononuclear cells (PMBCs) was evaluated by trypan blue dye exclusion (Conkling et al., 1988) . Heparinized blood (from healthy and non-smoker donors) was collected and peripheral blood lymphocytes were isolated by differential centrifugation in a Ficoll density gradient, following standard procedures (Martínez et al., 2007) . Then, PMBCs were washed and re-suspended in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U mL-1 penicillin, 100 µg mL-1 streptomycin at 37°C under 5% CO2, and subsequently exposed to IC50 concentrations of quinones for 24 h, and monitored with trypan blue dye exclusion (Huang et al., 2005) . The selectivity of the compounds was evaluated by selectivity index, which is obtained by the ratio of the IC50 value in the fibroblast growth inhibition and the IC50 value antimalarial activity (SI = CC50/IC50) (Cos et al., 2006) . 
Red blood cell hemolysis assay
Hemolytic activity of quinone derivatives was evaluated by hemoglobin release, from red blood cells (RBC) (Krugliak and Ginsburg 2006) . Freshly human isolated RBCs were seeded into 96 -well microtiter plates at a plating density of 1 × 106 cells/well in complete RPMI medium and incubated either in the presence of DMSO 0.2% (negative control), IC50 concentrations of compounds for 24 h at 37°C under 5% CO2 atmosphere. Finally O.D was measured in supernatant at 540 nm . Percentage hemoglobin release was calculated using the following equation:
Abs sample % hemolysis = × 100 Abs control
Culture of Plasmodium falciparum
Two strains, Dd2 (clone MRA-150) resistant to chloroquine, and 3D7 (clone MRA-102) sensitive to chloroquine were cultured following protocols described previously . Briefly, P. falciparum strains were cultured in RPMI 1640 (SigmaAldrich) supplemented with 25 mM HEPES (Sigma-Aldrich) Albumax I 0.5% (Gibco) 100 µM hypoxanthine (Sigma-Aldrich), gentamicin 12.5 mg/mL and sodium bicarbonate 1.77 mM (SigmaAldrich). Cultures were initiated by mixing infected and uninfected group O Rh positive erythrocytes, to achieve a hematocrit of 2% and parasitaemia of 1%, and incubated at 37°C under 5% CO2 atmosphere. The progress of growth in the culture was determined by microscopy in thin blood smears (Proudfoot et al., 2008) .
Antimalarial activity assay
A PicoGreen ® microfluorimetric DNA-based assay (Molecular Probes™ Invitrogen) was used for the monitorization of parasite growth inhibition on P. falciparum Dd2 and 3D7 strains at different quinone derivatives concentrations, red blood cells (iRBCs) synchronized at ring stages as it was described previously (Radfar et al., 2009) , were used to test 0.01 -100 µM serial dilutions of quinone derivatives diluted in culture medium in 96 -well culture microplates. Thus, 100 µl of iRBC at 1% parasitaemia and 2% hematocrit were allowed to grow for 48 h in 5% CO2 at 37°C. Experiments were performed in triplicates. After this incubation, parasites were centrifuged at 600 × g for 10 min and subsequently suspended in saponin 0.15% (w/v) prepared in PBS to lyse the erythrocytes and release the Plasmodium parasites. The pellet was washed as described and finally Pico Green diluted in tris-EDTA buffer was added to each well. The fluorescence intensity was determined at 485 nm excitation and 528 nm emission in spectrophotometer Perkin Elmer LS-50B: The 50% inhibitory concentration (IC50) was calculated by nonlinear regression, plotting quinone derivative concentration against the corresponding percentage (%) of growth inhibition.
Evaluation of oxidative stress
The O2 in normal form is stable and slightly reactive by chemical or enzymatic reactions, but it can produce a series of highly reactive pro-oxidant compounds, that react with cell membrane components such as unsaturated fatty acids to produce lipid peroxidation, with DNA to cause base modifications, deletions, fragmentations, stable DNA-protein interactions, chromosomal rearrangements and DNA demethylation. Reactive oxygen species can also cause oxidation of amino acids such as tyrosine, histidine, and methionine, crosslinking of peptide chains and ultimately protein carbonylation. Antioxidants prevent oxygen free radicals and reactive oxygen species from binding to molecules present in the cell membrane, cytosol, nucleus or extracellular space.. Membrane proteins from infected and non-infected erythrocytes treated with IC50 of quinoid compounds, were extracted according a protocol described previously (Méndez, Hernáez et al., 2012) .
P. Falciparum protein extracts
Total proteins from Dd2 parasite extracts were obtained from synchronized ring stage and incubated for 24 h at IC50 concentrations of quinone derivatives, as previously described , and quantified by Bradford method.
Derivatization, electrophoresis and immunoblotting
Samples dissolved in sodium dodecyl sulfate 6% (SDS) were derivatized by addition of 20 mM 2,4-dinitrophenylhydrazones (DNPH) in 10% trifluoroacetic acid (TFA) as previously described (Levine et al., 1994) . Two micrograms of DNPH-derivatized proteins were electrophoresed by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (PVDF-Amersham Biosciences), using a Bio-Rad transfer apparatus (1 mA/cm 2 of gel) following reported protocols (Méndez et al., 2012) . PVDF membranes were blocked for 1 h at room temperature with 10% non-fat dry milk in PBS. Blocked membranes were incubated with rabbit polyclonal anti -2,4-dinitrophenylhydrazone antibody 1:4000 (Anti-DNPH SIGMA, 1.0 to 1.7 mg/mL of specific antibody) in PBS containing 0.05% tween 20 and 10% milk for 2 h at room temperature with gentle rocking, and then incubated with anti-rabbit IgG antibody 1:5000 (Amersham Biosciences) for 2 h at room temperature, and exposure to X-ray film.
RESULTS
The nucleophilic addition between 2-hydroxy-1,4-naphthoquinone and the corresponding aldehydes gave the intermediaries 2-hydroxy-3-alkenyl-1,4-naphthoquinone, with yields higher than 60%. Intermediaries oxidative cyclization and subsequent heating in the presence of diluted hydrochloric acid yielded angular isomers 4, 7 and 10, as orange needles with melting points that corresponded with those reported for each compound, 124, 136 and 64°C, respectively (Table 1) . In mononuclear cells the viability at 48 h of incubation was > 80%. Hemolysis was lower than 35% (Table 2) . Chloroquine-sensitive (3D7) and chloroquineresistant strains (Dd2) of P. falciparum were sensitive to tested quinones, which was in a range of 0.22 -11 µM; the highest antimalarial activity that was shown by compound 8 with IC 50 of 0.22 and 2.4 µM for Dd2 and 3D7 strain, respectively, follow by compounds 6, with IC 50 of 0.4 for 3D7 and 1.8 µM for Dd2 strain. The compounds 3, 2, showed IC50 minors of 2 µM for both strains. The IC 50 observed with compounds 4, 7, 9, and 10, minors of 4 µM, are related with cytotoxicity, which showed selectivity index lower than 23 (Table 3 ). The present study demonstrates that quinoid compound promotes protein carbonylation in membrane of Plasmodium falciparum and erythrocyte. Strong oxidation was observed on isolated parasite´s proteins (25 to 250 kDa) compared with the untreated control (line 4-C) ( Figure  2A ). With respect to oxidation in membrane proteins of parasitized and non-parasitized erythrocyte the oxidation was widespread in both membranes ( Figure 2B to C) . Thus, their antiplasmodial effect seems to be related to generalize oxidative membrane protein (Figure 2 ).
DISCUSSION
3D7 strain showed the greatest sensitivity to the compounds tested, with the highest IC 50 around 3,5 µM. Compounds 2, 3, 5, 6, showed selectivity greater than 23. Selectivity index is a value that determines the selectivity of a chemical compound with respect to series of biological test (Cos et al., 2006; Fernández-Calienes Valdés et al., 2011) . The compounds 2, 3, 5 were considered the more selective; the SI was 23 -50. Selectivity index of the compound 6 was 23.5 in strain 3D7, while the selectivity of compound 8 was 26.8 in the Dd2 strains. Similar selectivity indices for both sistant strains, respectively. The other compounds tested with IC50 between 1 and 4 µM (7, 9, and 10) are considered compound lower selectivity. All tested compounds had antimalarial activity in both strain, being the most active compounds 2, 3, 6 showing IC 50 between (0.2 to 3.0 µM). In the study reported by Onegi et al, anthraquinones and naphtoquinones showed antimalarial activity in vitro, revealing an important aspect of the activity of antimalarial compounds related to oxidative stress (Onegi et al., 2002) . Study performed with other quinones (lapachol), showed in vivo and in vitro antimalarial activity (de Andrade-Neto et al., 2004) . This work is evidence that oxidative stress, may contribute to the antimalarial activity as shown by increased carbonylated proteins ( Figure  2 ). When treated with the IC 50 of the compounds, the oxidative pattern showed by membrane proteins from parasitized erythrocytes and nonparasitized showed general oxidation. For parasitized erythrocytes it extended from 25 to 250 kDa in proteins membrane from. While for membrane proteins non parasitized erythrocytes the oxidation extended from 75 to 250 kDa. Distinct mechanisms that confers protection against severe and complicated malaria have been proposed for the different hemoglobinopathies such as sickle-cell trait, beta thalassemia trait (López et al., 2010) , enzymepathies as deficiency Glucose-6-phosphate dehydrogenase (G6PD) (Cappellini and Fiorelli 2008) . It has also been shown that hemoglobin S. erythrocytes infected by P. falciparum lower the surface expression of PfEMP-1, which results in a reduction of cytoadherence and thus protection against severe malaria (Cholera et al., 2008) . G6PD deficiency is common in Plasmodium falciparum malaria is endemic provides evidence that G6PD deficiency confers resistance against malaria (Ruwende and Hill, 1998) . In this work, oxidation patterns of the compounds tested, shows oxidation of membrane proteins of parasitized erythrocytes up to 25kDa, for those compounds with greater antimalarial activity. The malaria parasite is very susceptible to oxidative stress during intraerythrocytic stages (Becker et al., 2004) . The possibilities around the observed increase in oxidative for these compounds is very significant because it shows that redox metabolism represents an excellent target for future antimalarial drug development (Legorreta-Herrera et al., 2010) . Certainly some antimalarial agents, such as chloroquine, artemisinins, antimalarial peroxides, anthraquinones and xanthones act in part by increasing the oxidative stress in infected red blood cells, morphologic changes, hemoglobin accumulation (Fitch, 2004) . Impairment of membrane function (Dutta and Fitch, 1983) , peroxidation of lipids (Sugioka and Suzuki, 1991) , other ways of oxidative stress include inhibition of key redox regulatory proteins such as glutathione, thioredoxin and glutathione reductase, peroxidase peroxiredoxin, and superoxide reductase . The compounds evaluated in this study, act as oxidants agents, which oxidized the parasite proteins, protein membrane erythrocyte. Other compounds may work by inhibiting the parasite's antioxidant defense systems by acting on specific targets, such as glutathione reductase (Buchholz et al., 2008) . A series of 2-hydroxy-3-alkyl-1, 4-naphthoquinones showed high antimalarial activity in patients infected with Plasmodium vivax, which are not used by the high doses required to get pharmacological effect (Hudson et al., 1985) . Some naphthoquinones such as benzylisoquinoline 5-10-dione when isolated from rubiaceae and then tested in Plasmodium falciparum are showing an IC 50 of 0.84 µg/mL, which was associated to a high Table 2 . Quinoid compound synthetic evaluated in vitro antiplasmodial activity. Intermediary compounds 2, 5 and 8. Final compounds 3, 6 and 9 lineal furanonaphthoquinones and 4, 7 and 10 angular furanonaphtoquinones and IC50 in µM of cytotoxicity evaluated in IBR3G cytotoxicity of quinones evaluated mononuclear cells and erythrocytes of peripheral blood. Data shown are the means ± standard deviation of 3 independent experiments. SD: standard deviation , Average ± SD and RPMI and 0.2% DMSO showed no hemolysis. Mononuclear viability was greater than 90%. Data not shown.
cytotoxicity (Kayser et al., 2003) . Quinones as 1,4 naphthoquinones are inhibitors of glutathione reductase (GR) (Feng et al., 2011) , the enzyme responsible for regenerating the reduced form of glutathione, a major (di) thiol responsible for the prevention of oxidative damage in both human cells and the malaria parasite (Atamna and Ginsburg, 1995) . The compounds tested may exert inhibition of GR, and oxidative stress, therefore the oxidation caused in the membrane proteins from both erythrocytes and parasite may also be caused through (GR) inhibition. There is a proof that the host red blood cells are exposed to oxidative stress during malaria infection . Is also considered that the reactive oxygen species are indirectly inhibit parasites growth in some host erythrocyte variants in which antioxidant protection is inefficient (Stocker et al., 1985) . Erythrocyte membrane deformability may also be affected by protein cross links that can develop in the erythrocyte cytoskeleton protein, under the oxidative stresses of malaria parasite infection (Glenister et al., 2002) .
Conclusions
Both compounds intermediaries and products, showed antimalarial activity in strains sensitive and resistant to chloroquine, These results show an increase in the amount of carbonylated proteins from cultured parasites treated and erythrocyte protein membrane, with respect to not treated control.
The carbonylation of proteins in uninfected erythrocytes may contribute to block the entry of the parasite to the erythrocyte. Thus, the number of circulating infected erythrocytes may decrease. 
